Organisms within the Hardjo serovar of Leptospira species are harbored in cattle throughout the world, causing abortion in pregnant animals as well as being shed in the urine, thereby providing sources of zoonotic infection for humans. We recently showed that sterile immunity in vaccinated cattle is associated with induction of a type 1 (Th1) cell-mediated immune response. Here naïve and previously vaccinated pregnant cattle were challenged with a virulent strain of serovar Hardjo and subsequently evaluated for expression of a type 1 immune response. Lymphocytes that responded in a recall response to antigen by undergoing blast transformation were evident in cultures of peripheral blood mononuclear cells (PBMC) from vaccinated cattle throughout the postchallenge test period while those from naïve cattle were evident at one time point only. Nevertheless, beginning at 2 weeks after challenge, gamma interferon (IFN-␥) was measured in supernatants of antigen-stimulated PBMC cultures from nonvaccinated animals although the amount produced was always less than that in cultures of PBMC from vaccinated animals. IFN-␥ ؉ cells were also evident in antigenstimulated cultures of PBMC from vaccinated but not from nonvaccinated animals throughout the postchallenge period. The IFN-␥ ؉ cells included CD4 ؉ and WC1 ؉ ␥␦ T cells, and a similar proportion of these two subpopulations were found among the dividing cells in antigen-stimulated cultures as ascertained by carboxyfluorescein succinimidyl ester loading. Finally, while naïve and vaccinated animals had similar levels of antigen-specific immunoglobulin G1 (IgG1) following challenge, vaccinated animals had twofold-more IgG2. In conclusion, while infection may induce a type 1 response we suggest that it is too weak to prevent establishment of chronic infection.
Organisms within the Hardjo serovar of Leptospira species are harbored in cattle throughout the world, causing abortion in pregnant animals as well as being shed in the urine, thereby providing sources of zoonotic infection for humans. We recently showed that sterile immunity in vaccinated cattle is associated with induction of a type 1 (Th1) cell-mediated immune response. Here naïve and previously vaccinated pregnant cattle were challenged with a virulent strain of serovar Hardjo and subsequently evaluated for expression of a type 1 immune response. Lymphocytes that responded in a recall response to antigen by undergoing blast transformation were evident in cultures of peripheral blood mononuclear cells (PBMC) from vaccinated cattle throughout the postchallenge test period while those from naïve cattle were evident at one time point only. Nevertheless, beginning at 2 weeks after challenge, gamma interferon (IFN-␥) was measured in supernatants of antigen-stimulated PBMC cultures from nonvaccinated animals although the amount produced was always less than that in cultures of PBMC from vaccinated animals. IFN-␥ ؉ cells were also evident in antigenstimulated cultures of PBMC from vaccinated but not from nonvaccinated animals throughout the postchallenge period. The IFN-␥ ؉ cells included CD4 ؉ and WC1 ؉ ␥␦ T cells, and a similar proportion of these two subpopulations were found among the dividing cells in antigen-stimulated cultures as ascertained by carboxyfluorescein succinimidyl ester loading. Finally, while naïve and vaccinated animals had similar levels of antigen-specific immunoglobulin G1 (IgG1) following challenge, vaccinated animals had twofold-more IgG2. In conclusion, while infection may induce a type 1 response we suggest that it is too weak to prevent establishment of chronic infection.
The spirochete bacterium Leptospira spp. serovar Hardjo is a pathogen that causes disease in cattle and humans throughout the world. Infected cattle are the maintenance host for Leptospira borgpetersenii serovar Hardjo (subtype hardjobovis) (20) and Leptospira interrogans serovar Hardjo (subtype hardjo prajitno) and have a variety of clinical illnesses including abortion, infertility, and mastitis, while their calves may be stillborn, weak, or clinically normal but infected (see references 14-16, 21, 25, and 26) . Infection is commonly transmitted by contact of urine or reproductive fluids from infected animals with the mucosal membranes of uninfected humans or animals, either directly or through fomites. Zoonotic infection of humans with leptospires including those of the serovar Hardjo group (1) poses a significant public health problem of increasing concern since leptospirosis in humans may be fatal due to involvement of multiple organs including liver, lungs, kidney, and brain (see reference 23) .
It was previously thought that protective immunity against leptospirosis was sufficiently provided by antibodies (20) , since anti-leptospiral lipopolysaccharide (LPS) antibodies have been shown elsewhere to provide passive immunity in some animal models, protecting against a number of strains and species of Leptospira (30, 36) . However, Bolin et al. (4, 6) showed that high titers of anti-LPS antibody induced by conventional leptospiral vaccines may not be protective against L. borgpetersenii serovar Hardjo. Moreover, recently developed vaccines that protect against L. borgpetersenii serovar Hardjo including renal colonization and urinary shedding (7, 41) and protect against transplacental infection of the fetus (D. Alt, R. Hornsby, and C. A. Bolin, submitted for publication) induce a type 1, or cell-mediated, immune response (18, 41) .
Cell-mediated or type 1 immunity is generally regarded as including production of gamma interferon (IFN-␥) and generation of cytotoxic CD8 T cells. While cytotoxic CD8 T cells and IFN-␥ are both particularly important in control or clearance of infections with viruses and intracellular bacteria and protozoa, IFN-␥ may also have a role in protection against extracellular microbes through its ability to activate macrophages and promote production of immunoglobulin G2 (IgG2) classes of antibodies, as has been suggested previously for immunity to extracellular stages of the protozoan parasite Babesia bigemina (9) . While bovine IgG2 and IgG1 are both able to fix complement, which may be an important effector mechanism for con-trol of leptospires in its own right, bovine IgG2 antibodies also act as opsonins (37) , thereby potentially increasing the number of leptospires phagocytosed. Moreover, although leptospires are not considered to be intracellular pathogens that survive phagocytosis, IFN-␥ activation of macrophages may increase the efficiency of killing. For example, Candida albicans, largely an extracellular organism that also targets the kidney, suppresses macrophage nitric oxide production through a soluble factor (10) , and thus, IFN-␥ is required for optimal production of nitric oxide by macrophages in vivo during a Candida infection (31) .
Because of the increasing incidence of infection in cattle and the zoonotic nature of human infections, it was of interest to examine the immune response of naïve cattle following challenge with L. borgpetersenii serovar Hardjo during the periparturient period. This experimental design was chosen because of the effects that L. borgpetersenii serovar Hardjo infections have on events associated with pregnancy and transmission of the infection to the calves. Since natural infection is chronic in cattle, it was of interest to determine if it established itself due to the absence of a type 1 immune response or an insufficient one. While many bacterial infections induce type 1 immune responses, some are associated with induction of a type 2 response, such as that which occurs in patients with lepromatous leprosy (48) , while other infections such as those with Brucella abortus may initially induce a type 1 response but after the first few weeks of infection show a hiatus of IFN-␥ production (40) . Here the cellular immune response of nonvaccinated cattle following challenge was compared with that of cattle that had been immunized prior to challenge with a vaccine protective against L. borgpetersenii serovar Hardjo infections (7) and which induces a type 1 cell-mediated immune response (41) . Production of IFN-␥ by peripheral blood mononuclear cells (PBMC) in response to antigen was measured by enzyme-linked immunosorbent assay (ELISA), and since any of the major T-cell populations including ␣␤ CD4, ␣␤ CD8, or ␥␦ T cells may produce IFN-␥, two-color flow cytometry was used to determine the contribution by individual T-cell subpopulations. Generation of antigen-specific IgG1 and IgG2 antibodies in sera was also evaluated since the lack of IgG2 is correlated with a type 2 immune response.
MATERIALS AND METHODS
Cattle. Heifers 12 to 15 months of age that lacked detectable serum antibodies against L. borgpetersenii serovar Hardjo as determined by the microscopic agglutination test (12) were housed at the National Animal Disease Center in Ames, Iowa. One group of cattle was not vaccinated (n ϭ 7), while a second group was vaccinated with a commercial monovalent serovar Hardjo vaccine (n ϭ 16) (Spirovac; CSL Ltd., Parkville, Australia). It is a killed whole-cell vaccine composed of a bovine isolate of L. borgpetersenii serovar Hardjo and aluminum hydroxide and is given as two doses subcutaneously 4 weeks apart. All cattle were bred naturally, 2 to 3 months following vaccination of the vaccine group, and then challenged with L. borgpetersenii serovar Hardjo strain 203 conjunctivally and vaginally (1 ml of phosphate buffered saline [PBS] containing 10 6 serovar Hardjo bacteria) 4 to 5 months after initiation of pregnancy. Cattle were evaluated for infection with serovar Hardjo following challenge by culture (5) and a direct immunofluorescence test to detect shedding of leptospires in urine (17, 29) . Animals were kept in the study until they calved. All animal use complied with the relevant federal guidelines and institutional policies and was approved by the institutional animal care and use committee, and animals were held in an Association for Assessment and Accreditation of Laboratory Animal Care-approved facility.
Isolation of PBMC.
Blood samples were collected from the jugular vein into acid citrate dextrose and processed at the University of Massachusetts 24 h after collection. PBMC were isolated at that time over Ficoll-Hypaque (Pharmacia, Piscataway, N.J.) density gradients according to standard methods (22) . PBMC were washed three times with Hanks' balanced salt solution containing 0.5 U of heparin/ml and suspended in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 50 M 2-mercaptoethanol, and 10 g of gentamicin/ml.
Proliferation assays. For the proliferation assays, 5 ϫ 10 5 PBMC were aliquoted into 96-well flat-bottomed microtiter plates along with medium only, concanavalin A (ConA) at a final concentration of 1 g/ml, or antigen. Antigen was sonicated whole bacterial cells from L. borgpetersenii serovar Hardjo clone RZ33 used at a final concentration of 0.5 g of protein/ml in medium. This concentration was established in pilot studies evaluating 50 to 0.005 g/ml. The sonicate was aliquoted and stored at Ϫ80°C until use, and a single batch of antigen preparation was used throughout. A total culture volume of 0.2 ml/well was employed. All cultures were set up in quadruplicate and incubated at 37°C with 5% CO 2 for 5 days, at which time 0. 3 H]thymidine incorporated into DNA in quadruplicate cultures. Cell division was assessed by carboxyfluorescein succinimidyl ester (CFSE) loading as described previously (47) . Briefly, PBMC at 2 ϫ 10 7 cells/ml in Hanks' balanced salt solution were mixed with equal volumes of CFSE at 3 M solubilized with 2.5 mM Pluronic F127 and incubated for 10 min at 37°C following which heat-inactivated fetal bovine serum was added to stop the reaction. Cells were analyzed for cell divisions following culture by assessing the CFSE content with flow cytometry (FACSCalibur; Becton Dickinson, Sunnyvale, Calif.) and WinMDI flow cytometry analysis software. With each cell division the fluorescence intensity decreases approximately twofold. Cells were stained by indirect immunofluorescence after culture to assess T-cell subpopulations by using monoclonal antibody (MAb) IL-A12 to identify CD4 (2), MAb MMCA837G to identify CD8 (Serotec, Oxford, United Kingdom), MAb GB21A to identify the ␦ chain of the ␥␦ T-cell receptor (TCR) (VMRD, Pullman, Wash.), and the IgG2a isolate of IL-A29 to evaluate WC1 (11). This was followed by incubation with goat anti-mouse phycoerythrin-conjugated isotype-specific secondary antibody (Southern Biotechnology, Birmingham, Ala.).
IFN-␥ production by ELISA. For cytokine evaluation, 5 ϫ 10 6 PBMC/well were aliquoted into a 24-well tissue culture plate in the presence of medium or the L. borgpetersenii serovar Hardjo antigen as described above with a total volume of 2 ml/well and incubated for 1 to 7 days. At the end of the culture period (which was 5 days unless stated otherwise in the results) PBMC were resuspended and allowed to settle and supernatants were collected. IFN-␥ in culture supernatants was measured by ELISA with a commercial kit (Biosource, Camarillo, Calif.). The amount of IFN-␥ was compared to a standard curve generated with recombinant bovine IFN-␥ (kindly provided by CSL Australia, Melbourne, Australia).
Flow cytometry to detect cytokine-producing cells. To evaluate production of IFN-␥ by flow cytometry, cells were cultured as for the IFN-␥ ELISA in medium only or with antigen for 7 days unless stated otherwise in the results. They were restimulated during the last 4 h of culture with monensin (2 M) by addition of phorbol myristate acetate and ionomycin (at an 0.5-g/ml final concentration each) as is conventional for these assays (51) . Cells were stained for surface markers of T-cell subpopulations as described above, except that the secondary antibodies were conjugated to fluorescein. Following this, they were washed, fixed with 1% paraformaldehyde for 10 min at room temperature, and permeabilized by incubation at 4°C overnight in a solution of 20% horse serum, 0.1% saponin, and 0.1% sodium azide in PBS. Intracellular immunostaining was performed with anti-bovine IFN-␥ MAb 7B6, kindly provided by J.-J. Letesson (54) , and goat anti-mouse phycoerythrin-conjugated isotype-specific secondary antibody (Southern Biotechnology). Inclusion of isotype-matched primary control MAb (Southern Biotechnology) was found not to increase background fluorescence. Cells were analyzed by flow cytometry.
Antibody titers. A capture ELISA was used to measure antigen-specific IgG1 and IgG2 antibody levels in the serum. Sonicated antigen as described for the cellular assays was diluted in 0.1 M Na 2 HPO 4 (pH 9.0) and applied as a coating onto ELISA plates at 5 g/ml by incubation at 4°C overnight. Plates were washed with PBS containing 0.05% Tween 20 (PBST) and blocked at room temperature for 3 h with 200 l of 1% bovine serum albumin (BSA) in PBS. Following washing, 100 l of serum diluted 100-and 1,000-fold with 1% BSA in PBST was added to plates, incubated at room temperature for 2 h, and washed. Mouse anti-bovine IgG1 or IgG2 conjugated to horseradish peroxidase (1 g/ml) (Se-rotec) was diluted with 1% BSA in PBST, added to plates, incubated at room temperature for 45 min, and washed. The substrate added was 0.3 mg of 2,2Ј-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) per ml in 0.1 M citric acid (pH 4.35); the mixture was incubated at room temperature for 25 min, and the reaction was stopped by addition of 50 l of 1% sodium dodecyl sulfate/well. Optical density at 405 nm was determined, and dilutions of serum that yielded a reading in the linear range of the assay were used. Pilot experiments to establish sensitivity and specificity of the assay evaluated known positive and negative sera over a broad range of dilutions.
Statistical analyses. Data are presented as means and SEM for all animals in the treatment groups unless stated otherwise for a particular assay and except for data from 4 months postchallenge, when there were only four animals remaining in the nonvaccinated group and two in the vaccinated group (the others having given birth). Treatment groups were compared for significant differences by a one-way analysis of variance, and the Student t test was used subsequently to compare responses between groups. A P value of Յ0.05 was considered significant.
RESULTS
In vitro response by PBMC following challenge. The most significant clinical effects of Leptospira infection in cattle concern pregnancy and the health of calves born to infected cows. Aborted material as well as urine from infected dams and calves provides sources for zoonotic infections of humans. Therefore, pregnant cattle (both naïve and vaccinated) were challenged with L. borgpetersenii serovar Hardjo and then evaluated for type 1 immunity since this correlates with protection against serovar Hardjo organisms. After challenge, Leptospira organisms were detected in the urine of all the nonvaccinated animals but not in that from previously vaccinated cattle by immunofluorescence and culture assays.
When lymphocyte blastogenesis was evaluated following challenge, PBMC from nonvaccinated-infected cattle exhibited significant antigen-specific responses at 2.5 months postchallenge only (Fig. 1, top) while PBMC from vaccinated-challenged cattle continued to do so at all four times evaluated postchallenge, as they had following vaccination prior to challenge (Fig. 1, bottom) . Moreover, the responses with PBMC from vaccinated cattle cultured with antigen were consistently higher than those with PBMC from the nonvaccinated-infected cattle. The ConA mitogenic responses of PBMC from the two groups of cattle were similar to one another at all times, indicating that PBMC from nonvaccinated-infected cattle were competent to proliferate if an appropriate stimulus was provided ( Fig. 1) .
To determine whether the antigen-responsive cells were type 1 (Th1) or type 0 (Th0) versus type 2 (Th2), supernatants from PBMC cultures were evaluated for IFN-␥ by ELISA. Elsewhere it has been shown that cells from these nonvaccinated animals with no previous exposure to leptospirosis, based on the absence of a detectable antibody titer, did not produce more than 650 pg of IFN-␥/ml in similar cultures of PBMC stimulated with antigen except in 1 of 44 trials conducted (41) . By comparison, IFN-␥ production by PBMC in Leptospira antigen-stimulated cultures was significantly higher than that in medium cultures for both naïve and vaccinated cattle following challenge, as it had been following vaccination prior to challenge (Fig. 2) . While there was an increase in IFN-␥ measured between 0.5 month and 1.5 months postinfection for both groups, there was no significant difference in the amount produced in the antigen-stimulated cultures between 1.5 and 2.5 months for naïve animals (P Ͻ 0.05), nor among the responses at 0.5, 1.5, or 2.5 months for the vaccinated group. This suggested that the maximal response to infection had occurred by at least 1.5 months postchallenge. Also, the response by the vaccinated cattle was not increased following challenge, indicating that the challenge did not boost the response.
Since IFN-␥ production by PBMC from vaccinated cattle was greater than that by PBMC from the nonvaccinated cattle at all times evaluated postchallenge, IFN-␥ levels in culture supernatants were assessed by ELISA after 1 to 5 days of culture to ensure that maximal production was not occurring earlier in cultures of PBMC from the nonvaccinates than in those from the vaccinates. The levels of IFN-␥ in antigenstimulated cultures were maximal by day 4 of culture for samples from either group in one trial with a decline at 5 days in one of four cultures (data not shown). When this was repeated at a later time point in the infection with samples from another four animals, the IFN-␥ responses increased throughout the 5-day evaluation period for all cultures (data not shown). Thus, although differences in kinetics of response occurred between sampling dates, perhaps reflecting a change in the frequency of responsive cells in PBMC, the samples from the naïve and vaccinated animals had similar kinetics.
Evaluation of the IFN-␥-producing cells by flow cytometry. Intracellular flow cytometry was employed to determine the proportion of IFN-␥-producing cells that participated in the response. A substantial proportion of PBMC from vaccinated animals were IFN-␥ ϩ in response to culture with antigen throughout the postchallenge period (Fig. 3) as occurred postvaccination (see reference 41), but such cells were not as readily detectable with PBMC from nonvaccinated animals following challenge. Out of 21 samplings from the nonvaccinated animals, only three times was an antigen-specific response detected (14%). In contrast, it was detected in 30 out of 35 cultures of PBMC from vaccinated cattle in the postchallenge period (86%). Thus, we postulated either that the antigen-induced IFN-␥ measured in the supernatants of PBMC cultures from the naïve-challenged animals was produced by a large proportion of cells in very small quantities per cell such that those cells could not be distinguished from background levels by flow cytometric analyses or that the peak production of IFN-␥ was occurring earlier in cultures of PBMC from the nonvaccinated-infected animals than it was in cultures of PBMC from the vaccinated animals. If the latter occurred, we might fail to detect the IFN-␥-producing cells because we were evaluating them too late (following 7 days of culture with antigen). To address this latter possibility, immunofluorescence staining for intracellular IFN-␥ was conducted after shorter in vitro culture times. There was no greater percentage of IFN-␥-producing cells in antigen-stimulated cultures of PBMC from four nonvaccinated animals evaluated at either 3 or 5 days of culture than in those at 7 days of culture (data not shown).
Two-color flow cytometry was employed to identify the subpopulations of T cells that produce IFN-␥ in response to antigen after subtracting the percentages in medium control cultures (Fig. 4A) . It was found that the majority of the IFN-␥-producing cells in 7-day cultures of PBMC from vaccinatedchallenged cattle were CD4 ϩ T lymphocytes at the three times evaluated with a contribution by ␥␦ TCR ϩ T cells at two times. (Fig. 4C ). An example of a flow cytometric analysis of these non-antigen-specific responses is shown in Fig. 4D . While most of the ␥␦ T cells were also producing IFN-␥ in the example shown (Fig. 4D ), they constituted a small percentage of total cells within the PBMC cultures. The CD4 T cells were largely IFN-␥ Ϫ . While we also occasionally observed high responses in the medium cultures of PBMC from the vaccinated animal throughout the study period, there was still an overall net increase in the percentage in the antigen-stimulated cultures (Fig. 3) . WC1 ؉ ␥␦ T cells respond to antigen. ␥␦ T cells in ruminants can be divided into subpopulations by expression of the ␥␦ lineage-specific cell surface molecule WC1. A large proportion of peripheral blood ␥␦ T cells may express WC1 (3, 11, 49) , but in other tissues such as the spleen this is not the case (55) .
Since the ␥␦ T cells constituted a proportion of the IFN-␥ ϩ cells in the antigen-stimulated cultures of PBMC from vaccinated animals, the expression of WC1 was also evaluated. Virtually all the WC1 ϩ cells were IFN-␥ ϩ after antigenic stimulation and culture for 7 days (Fig. 5A has an example). Although there was no statistically significant difference, there was a slightly higher net percentage (percentage in antigenstimulated culture minus percentage in medium cultures) of IFN-␥ ϩ cells that were ␦-TCR ϩ (15.1% Ϯ 1.5% [SEM], n ϭ 3) than were WC1 ϩ in the same cultures (13.5% Ϯ 1.5% [SEM]). By using CFSE-loaded cells and two-color immunofluorescence staining for surface markers, it was also possible to determine the phenotype of dividing cells in antigen-stimulated cultures of PBMC from vaccinated cattle (Fig. 5B ). They were comprised mainly of CD4 and ␥␦ T cells, with each population having a substantial proportion of divided cells by 7 days of culture. Moreover, the majority (94%) of the dividing ␥␦ T cells were WC1 ϩ , corroborating the results found by intracellular IFN-␥ staining. There was proliferation of some CD8 T cells, but this included the CD8 lo cells (immunofluorescence around log 10 2.2), which may partly or largely represent ␥␦ T cells, since we have found that ␥␦ T cells that are CD8 ϩ generally express lower levels of CD8 while the CD8 age of cells were IFN-␥ ϩ in 7-day PBMC cultures. A time course experiment confirmed this expansion of responsive cells. It indicated that the net proportions of viable PBMC that were IFN-␥ ϩ (responses in medium cultures were subtracted from those in antigen-stimulated cultures) were 2% after 3 days of culture, 8% after 4 days, 29% after 5 days, and 46% at 7 days for a representative vaccinated animal.
Antibody isotype responses to antigen. Prior to inclusion in the study, all animals were negative for antibodies to leptospires (indicated as "prechallenge" for nonvaccinated animals and "prevaccination" for vaccinated ones [Fig. 6]) . The amount of IgG1 and IgG2 antigen-specific antibody measured in the serum of challenged animals at 2 months after challenge was greater for both groups relative to prechallenge-prevaccination levels, and the vaccinated and nonvaccinated animals had similar levels of antigen-specific IgG1, representing an increase from postvaccination levels for the vaccine group (Fig. 6) . There was about twofold more antigen-specific IgG2 in sera from vaccinated-challenged animals than was found in that of the nonvaccinated-challenged animals postchallenge, and there was also an increase from the postvaccination-prechallenge levels. The presence of antigen-specific IgG2 supports an IFN-␥ response in both groups of animals.
DISCUSSION
The goal of this study was to examine the immune response of naïve and vaccinated cattle following challenge with L. borgpetersenii serovar Hardjo. The work builds upon our published work showing that protective immunity correlated with establishment of a type 1 IFN-␥-based immune response as determined by in vitro analyses of responses by PBMC (41) . While a crude bacterial sonicate containing bacterial LPS and nucleic acids was used as the antigen in the in vitro studies to demonstrate this, antigen-specific responses never occurred in a total of 27 nonvaccinated animals evaluated in two studies (41; R. Brown et al., unpublished data). Moreover, the ability of the antigen sonicate to stimulate responses in vitro was eliminated when it was digested with proteases (S. Blumerman, unpublished data). Together these data indicated that the response was to protein components and not to potentially mitogenic components such as the LPS. The protective immune response induced by vaccination is considered to be a type 1 immune response since IL-4 was never detected (41) and although both IgG1 and IgG2 antibodies to the antigen were induced as shown here, bovine T-cell clones that produce much greater quantities of IFN-␥ than of interleukin-4 as assessed by RNA transcripts have been shown elsewhere to help B cells make both IgG1 and IgG2 antibodies (9) .
Our findings here indicated that, as early as 2 weeks after challenge of naïve cattle, IFN-␥ production by PBMC in response to antigen was measured and this response was sustained for several months. While some of the IFN-␥ may be attributable to NK cell responses as described recently for calves vaccinated with Mycobacterium bovis BCG (28), IgG2 antigen-specific antibodies were also produced following challenge of the naïve animals, indicating development of an adaptive immune response by Th1 cells (19) . Although the amount of IFN-␥, the level of IgG2 antibodies, the proliferative response by PBMC to antigen, and the proportion of IFN-␥-producing cells as measured by flow cytometry were all lower than those found for vaccinated-challenged animals, these results nevertheless suggest that infection induces a weak type 1 or type 0 immune response. Since protection of nonpregnant animals against infection (7) as well as protection of pregnant cattle (this study) and their fetuses (Alt et al., submitted) correlates with induction of a type 1 immune response, it is reasonable to postulate that natural infection may also result in partial protection against subsequent infections. However, it is also likely that the overall weaker response induced by infection impacts on the epidemiology of the disease in livestock and zoonotic infection of humans, since it fails to prevent persistent infection and shedding from kidneys and genital tracts of infected cattle. The lack of measurement of a more vigorous response by infected cattle was not likely to be a result of insufficient time following challenge for analysis, since in a recent study we were able to detect IFN-␥-producing cells by flow cytometry by 30 days following completion of vaccination (R. Brown et al., unpublished data). Our inability to measure antigen-specific IFN-␥-producing cells in cultures of PBMC from the nonvaccinated animals by flow cytometry when IFN-␥ was clearly being produced as measured by ELISA (e.g., at month 1.5) is consistent with previous observations. IFN-␥ production measured by ELISA has been noted as a more sensitive measure of recall responses by T cells in vitro than of delayed-type hypersensitivity in vivo (54) , and intracellular flow cytometry detection of IFN-␥-producing cells has been noted by others as being relatively insensitive compared to assays such as limiting dilution to determine the frequency of antigen-responsive cells in a population (53) . Thus, while very useful for dissecting a vigorous immune response, it may be less useful as a method of detection or analysis of weaker ones. In fact, without the restimulation with phorbol myristate acetate-ionomycin for the final 4 h of the culture, which is a standard component of this method (51) , the amount of IFN-␥ per cell is decreased about 10-fold (R. Brown, unpublished data).
Although there was never a vigorous antigen-specific increase in IFN-␥ ϩ cells in cultures of PBMC from the nonvac- cinated-infected animals, there were occasionally IFN-␥ ϩ cells in the medium control cultures with similar percentages in the corresponding antigen-containing cultures. These were predominately CD8 ϩ cells. These results contrasted with detection of IFN-␥ ϩ cells in PBMC cultures from vaccinated animals which were consistent with a recall memory response to antigen and predominately WC1 ϩ ␥␦ T cells and CD4 T cells. We have also recently observed high levels of IFN-␥ ϩ -CD8 ϩ cells in medium cultures of PBMC from 6-to 10-month-old uninfected-unvaccinated calves (R. Brown, unpublished data). Since completion of those studies, it has been reported elsewhere that bovine natural killer (NK) cells make IFN-␥ and have CD8 ␣ and ␤ chains on their surface and that these cells can expand in vitro with appropriate stimulation (28). Thus, it is possible that at least some of these CD8 ϩ cells are NK cells. Periods of transient high spontaneous responses by bovine PBMC in in vitro cultures are a problem that had plagued researchers for some time, and while they are still unexplained, one study showed that a decrease in the fetal bovine serum levels ameliorated the problem (44) . Unfortunately, the present study was terminated immediately after these high spontaneous responses were noted and so further analysis was not done.
The basis for the induction of a vigorous protective type 1 cell-mediated immune response afforded by the monovalent Leptospira serovar Hardjo vaccine used here and not by infection or pentavalent vaccines that contain serovar Hardjo (4-6) is unclear especially since the adjuvant for the vaccine used here was aluminum hydroxide, which induces Th2 or type 2 responses (8). Because ruminants have large numbers of circulating ␥␦ T cells (11) that can fluctuate rapidly in the blood (3) and these cells produce IFN-␥ (3, 41), we suggest that the response by this population may be particularly germane to establishing type 1 immunity in these animals. Precedence for the role of ␥␦ T cells in establishment of the adaptive immune response comes from the recent observation that they influence development of type 1 antibody responses to mycobacterial infection in cattle (33) . It is possible that ␥␦ T-cell engagement occurs because components of the monovalent vaccine stimulate macrophage production of tumor necrosis factor alpha and interleukin-1␣, cytokines known to substitute for complete Freund's adjuvant for inducing cell-mediated immune responses (45) and to stimulate ␥␦ T cells to produce type 1 cytokines (35) . However, since responses by the WC1 ϩ ␥␦ T cells to the leptospire sonicate occur in the absence of CD4 T cells in vitro and have characteristics of a memory or recall response (41) , leptospire components are likely to directly stimulate the ␥␦ T cells in vivo. Leptospira may have components similar to the mycobacterial ␥␦ T-cell-stimulating heat shock proteins (42) and low-molecular-weight phosphorylated molecules that stimulate through the TCR (13, 32) . Alternatively, the LPS of leptospires has been shown previously to interact with TLR2 (52), a signaling receptor also expressed by ␥␦ T cells during bacterial infections (38) .
It is noteworthy that ␥␦ T cells are a major population of T cells in the ruminant uterus (24)-a target organ of leptospire infections. In addition, IFN-produced in the ruminant uterus is known to stimulate expansion of ␥␦ T cells, albeit the WC1 Ϫ cells (50) . In this environment they may contribute to a protective role as shown elsewhere for other primary bacterial infections (27, 34, 39) . However, the opposite effect has also been shown. That is, ␥␦ T cells can negatively affect response to bacterial antigens by bovine CD4 T cells (46) and control of bacterial infections in mice (43) . Future experiments are planned to directly evaluate their role in development of the response to vaccination and protection against leptospirosis. FIG. 6 . Antibodies of the IgG1 or IgG2 subclasses specific for antigen as measured by ELISA are shown for prechallenge and postchallenge for the nonvaccinated group and prevaccination, postvaccination-prechallenge, and postvaccination-postchallenge for the vaccinated group. The means and SEM for 7 nonvaccinated and 16 vaccinated animals are shown. The sera were evaluated at two dilutions, and the results that were within the linear range of the assay for all samples (1:1,000) are indicated here. The prechallenge sera were not positive at any concentration tested when compared to a known negative control. OD, optical density.
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